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I. INTRODUCTION 

In May 1975, The Ohio State University (OSU) was awarded 
Grant No. NSG-1184 from the Langley Research Center of the National 
Aeronautics and Space Administration. Entitled "An Investigation 
of the Aerodynamic Characteristics of a New General Aviation Air- 
foil in Flight," the purpose of the grant was tc evaluate the 
second of a new series of low speed airfoils*designed by personnel 
of the Langley Research Center - the GA(W)-Z - a 13% thickness 
to chora ratio airfoil. Beech Aircraft Corporation (BAC) was to 
be an active participait in the research program, providing the 
aircraft: fabricating the airfoil to be "gloved" onto the wing, 
and assisting in the engineering and data analysis. 

Accordingly, the w h g  of a Beech Sundowner was modified at 
BAC by adding balsa ribs and covered w i t h  aluminum skin, to alter 
the existing airfoil shape to that of the GA(W)-2 airfoil. The 
aircraft was flown in a flight test program that gathered wing 
surface pressures and wake data from which the lift drag, and 
pitching moment of the airfoil could be determined. After the 
base-line performance of the airfoil was measured, the drag due 
to surface irregularities such as steps, rivets and surface 
waviness was determined. The potential reduction of drag through 
the use of surface coatings such as KAPTON was also investigated. 

The last flight in the 46 flight test program was flown 
February 21, 1977 and the  aircraft returned to Beech soon after. 
Four technical papers were written describing the results of this flight 
research; the purpose of this report is to suminarize this work. 
The technical papers are included as an Appendix. 

11. RESEARCH RESULTS 

General Approach 

flight evaluation of the GA(W)-2 airfoil While moving toward this 
objective, several research methodologies were developed that were 
of interest to the technical community. These deveiopments, assoc- 
iated with the aircraft modifications and flight procedures, the 
instrumentation used to make the measurements, and the surface 
pressure and wake measurements themselves, were reported in a 
timely manner at national technical meetings. The three major 
areas are touched upon below. 

As noted earlier, the main objective of the research was the 

*The early airfoil designation which stood fo r  General Aviation 
airfoil, Whitcomb desigii number 2 has been replaced by Ehe designa- 
tion LS(lr-0413 for Low Speed series 1 airfoil with design lift 
coefficient 0 . 4  and thickness to chord ratio of 0.13. 



Flight Test Aircraft 

The modification to the wing 01 the Beech Model C23 Sundowner 
was worth] of note. 
the past, the simple balsa ribs with bonded aluminum skin used by 
Beech Aircraft Corporation to construct the GA(W)-2 airfoil section 
over the standard NACA 63415 airfoil was unique, forming a light- 
weight, smooth contour that produced the GA(W)-2 section accurately 
and at low cost. 

Although airfoil "gloves" have been used in 

A special problem esisted with the glove because the thickness 
to chord ratio of the GA(W)-2 is 0.13, less than the 0.15 thickness 
ratio of the normal wing. The balsa ribs extended the leading edge 
by seven inches and the trailing edge by two inches. 
these changes Beech Aircraft Corporation recommended new operating 
limitations for the test aircraft: 

Because of 

Model C23 MQdel C23 
Normal Category GA(W)-2 W i n g  

Never Exceed Speed 175 mph 120 mph 
Maximum Positive Load Factor 3 .8  G 2.0 G 
CG Range 10.5 inch 2.0 inch 

Flight Into Visible Noisture To Be Avoided 

The gloved airfoil did not affect the handling qualities of 
the aircraft in any significant fashion, although the aft loaded 
airfoil required increased cable tension on the ailerous to mini- 
mize up-float due to large aileron hinge moments. 

The aircraft was an excellent platform with which to evaluate 
the airfoilin flight. Additional details of the modifications and 
operational procedures used to obtain the data are presented in the 
Appendix in "GA(W)-2 Airfoil Flight Test Evaluation" SAE PAPER No. 
760492 presented at the Business Aircraft Meeting, April 1976. 

Instrumentation 

To evaluate the airfoil, detailed measureuients of the airfoil 
surface pressures and the total and static pressure 
in the wake behind the wing were required. 
face pressure along the chord of the airfoil yields the lift and 
moment coefficient while integration of the momentum loss across 
the wake obtained from the total and static pressures provides the 
drag coefficient. 
flight angles of attack, the section drag polar is built up. 

Flastic tubing wrapped chordwise about the w'ng, each tube pro- 
vided with a single orifice to measure the surface pressure at a 

distribution 
Integration of the sur- 

By obtaining this distribution atdifferent 

The airfoil surface pressures were measured by a belt of 
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single chordwise station. 
unusual pressure sensing apparatus, one that used a cut-off valve 
to trap the sensed pressures prior to measuring them with a scan- 
ning valve and single transducer. With this innovation, all sur- 
face pressures were caught at one instant in the flight profile, 
allowing the trapped pressures to be scanned and recorded on FM 
tape at a leisurely pace, minimizing airfoil pressure variations 
due to any flight path disturbances. The quality of the surface 
pressure data obtained by this arrangement was'excellent. 

Forty such tubes led to a somewhat 

with 
posi 

Thewakesurveys were measured with a rotating probe equipped 
separate total and static pressure probes. Probe angular 

- 
converted to probe position above and below the airfoil chord 
line. 
data drag coefficients were measured to within + - 2 drag counts. 

tion was determined from a potentiometer which could then be 

With sensitive pressure transducers and accurate position 

The transducer signals as well as air speed and angle of 
attack information were recorded on FM tape at selected air speeds 
during a series runs in level flight. 
was processed by computer using efficient software developed for 
this flight research program. A typical flight with 17 different 
air speeds and several thousand pressure, position and angle mea- 
surements could be reduced to finished plots within three hours 
of touchdown. 

After landing, the tape 

The pressure measuring and data acquisition systems and the 
flight test techniques developed €or airfoil evaluation during 
this grant are described in more detail in the Appendix in twc 
papers: 
SAE Paper N o .  760462 presented at the Business Aircraft Meeting in 
April 1976 and in "Flight Test Techniques for Low Speed Airfoil 
Evaluation" presented at the Advanced Technology Airfoil Research 
Conference held at NASA Langley Research Center in March 1978 and 
published in the Proceedings in NASA Conference Publication 2045.  

"Data Acquisition System for In-Flight Airfoil Evaluation" 

Flight Test Results 

The flight experiments verified the basic concepts of the 
research program; i.e., the gloved airfoil technique was an eco- 
nomical means to acquire airfoil information in flight, and the 
pressure measuring systems were reliable, producing data of 
excellent quality from which the airfoil lift, drag, and pitching 
moment could be resolved. 
several results of importance were obtained. 

With this airfoil evaluation methodology, 

Drag polars of the GA(W)-2 airfoil were measured for dif- 
ferent configurations; with the airfoil clean, with leading edge 
grit to trip the boundary layer at the leading edge and at the 
aileron station. 
the airfoil measured in the wind tunnel and showed the penalties 
of early transition and the large drag increase at the aileron 
stat ion. 

The flight data verified the performance of 

3 



Detailed surface pressures were obtained at five spanwise 
When these pressures were compared with stations on the wing. 

analytic Predictions, excellent agreement between theory and 
flight pressure distributions were noted. 

facing and aft facing steps on the airfoil, fabricating surface 
waves on the upper and lower surface of the airfoil and placing 
rows of button-head rivets on the airfoil surface. Drag polars 
taken with these surface imperfections provide design information 
of the drag penalty associated with these fabrication techniques. 
For example, backward facing steps produced as much drag incre- 
ment as foriard facing steps, surface waves can act as an effective 
trip to the airfoil boundary layer and the lower surface of the 
GA(W)-2 (and all airfoils in general) should be kept as clean as 
possible to take advantage of the potential for laminar flow that 
exists at modest angles of attack. 

Surface irregularities were examined by building forward 

A significant flight test with a KAPTON surface coating - a 
polymide .fiber of 0.005'' thickness resembling mylar - produced a 
surprising reduction in drag, opening up a new research technique 
for drag reduction. 

Results of these flight tests and selected comparisons with 
theory and with wind tunnel measurements are given in the Appendix 
in "In-Flight Measurements of the GA(W)-2 Aerodynamic Character- 
istics," SAE Paper No. 770461 presented at the April 1977 Business 
Aircraft Meeting in Wichita, Kansas. 

The results of an evaluation of the GA(W)-2 airfoil supported 
by NASA Langley Research Center Grant NSG 1184 have been summarized 
in this report with the Appendix providing the detailed discussions. 
The basic result is that the GA(W)-2 airfoil (now designated the 
NASA LS(1)-0413) will perform a s  measured in the wind tunnel and as 
predicted by analytic methods. 

With an economical wing contour "gloved" to the existing wlng, 
the Beech Sundowrer equipped with pressure belts, wake survey probe 
and a modem flight data acquisition package measured drag polars, 
surface pressure distributlons - both chordwise and spanwise - for 
a variety of flight conditions. Flights aimed at measuring airfoil 
sensitivity to manufacturing tolerances provided data with which to 
estimate drag penalties that accure to steps and roughness elements. 
An interesting flight sequence with film coatings showed reduced 
drag due to the smooth surface films that warrants further study. 

The research effort also demonstrated the usefulness of the 
analytic tools now available for airfoil and wing design. Pressure 
distributions, incidence angle corrections for finite wing effects 
and drag predictions were predicted analytically and shown to agree 
very well with the flight results. 

to improve the technology available for aircraft- design. 
These results have been passed on to the aviation community 
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G?i ( W )  -2 A I R F O I L  
FLIGHT TEST EVALUATION 

Stacy Weislogel 
Department of Aviation 

and 
G .  M. Gregorek, M. J. Hoffmann 

The Ohio S t a t e  Universi ty  Columbus, Ohio 
Department of Aeronautical  and Ast ronaut ica l  Engineering 

ABSTRACT 

A brief desc r ip t ion  of the GA (W) -2 A i r f o i l  F l i g h t  T e s t  Evaluation 
Program is  presented.  
f l i g h t  t e s f i n g ,  the GA(W)-2  a i r f o i l  was "gloved" on the e x i s t i n g  wing 
s t r u c t u r e  of a Beech Model C23 "E mdowneril. Program ob jec t ives ,  
experimental approach, research a i r c r a f t  modif icat ion and i n s t r u -  
mentation, data  acqu i s i t i on  and processing,  f l i g h t  opera t ions ,  and 
prel iminary f l i g h t  tes t  results a r e  described. 

Employing an economical approach t o  a i r f o i l  

INTRODUCTION 

I n  recent years  the National Aeronautics and Space Administration 
has refocussed i t s  research e f f o r t s  on ae ronau t i ca l  problems. O f  
p a r t i c u l a r  interest  t o  the general  av ia t ion  community is the a i r f o i l  
research program (1). 
a i r f o i l s  t h a t  could opera te  e f f i c i e n t l y  near  the speed of sound, t h i s  
a i r f o i l  research led t o  the s u p e r c r i t i c a l  a i r f o i l s  now be ins  tested 
on prototype a i r c r a f t .  

I n i t i a t e d  more than a decade ago t o  explore 

The design technique developed a8 a r e s u l t  of this recent  
research - flow analyses  and a i r f o i l  design supported by ex tens ive  
computer s t u d i e s  and wind tunnel  tests - a r e  now being used t o  
develop a new s e r i e s  of low speed a i r f o i l s .  The f i rs t  of these was 
the  G A ( W ) - 1 ,  ( fo r  General Aviation, Whitcomb A i r f o i l  N u m b e r  1) a 17% 
t h i ak  a i r f o i l  with a design l i f t  c o e f f i c i e n t  of 0.4.  This a i r f o i l  
is  being evaluated on the modified Piper  Seneca i n  t h e  Advanced 
Technology L igh t  Twin (ATLIT) program ( 2 ) .  The second of t h e  new 
l o w  speed series i s  the  13% th ick  G A ( W ) - 2  a i r f o i l .  This promising 
a i r f o i l ,  a l s o  w i t h  a design l i f t  c o e f f i c i e n t  of 0.4, emerged from 
the NASA Langley Research Center  i n  June 1975. It is  now being f l i g h t  
tested on a Beech Sundowner a t  The Ohio S t a t e  Universi ty  t o  confirm 
the p o t e n t i a l  benefits of the design. 

P o t e n t i a l  b e n e f i t s  of the G A i W ) - 2  a i r f o i l  design a r e  derived from 



i t s  higher l i f t  t o  drag r a t i o  (L/D) and maximum c o e f f i c i e n t  of l i f t  

(Cfimax (b) increased range (lower f u e l  consumption), and (c) increased 
gross  weight .  Higher C h a x  t r a d e o f f s  include: ( a )  slower s t a l l  
speed, (b) smoather ride, and (c) increased r a t e  of climb. 

) .  Higher L/D t r a d e o f f s  include: ( a )  f a s t e r  cruise speed, 

The purpose of t h i s  paper i s  t o  describe the GA(W)-2 A i r f o i l  
F l i g h t  T e s t  Evaluation now ur.derway a t  The O h i o  S t a t e  Universi ty .  
T h i s  research is  supported by NASA Langley Research Center Grant 
NSG-1184. Beech A i r c r a f t  Corporation i s  an a c t i v e  p a r t i c i p a n t  i n  the 
inves t iga t ion ,  providing the a i r c r a f t ,  f a b r i c a t i n g  the a i r f o i l  glove, 
and a s s i s t i n g  i n  t h e  a n a l y s i s  of t h e  da t a  and prepara t ion  of the f i n a l  
r epor t .  

PROGRAM OBJECTIVES 

The ob jec t ives  of the GA(W) -2 F l i g h t  T e s t  Evaluation Program 
a r e  to :  

1. Demonstrate the aerodynamic efficiencies of the 

2 .  Confirm t h e o r e t i c a l  and *ind tunnel  r e s u l t s .  
3 .  Demonstrate a low cost approach t o  a i r f o i l  f l i g h t  

GA (W) -2 a i r f o i l .  

t e s t i n g .  

MPERIMENTAL APPROACH 

The* experimental approach, designed t o  provide ex tens ive  i n -  
f l i g h t  aerodynamic da ta  on the GA(W)-2 a i r f o i l ,  conta ins  f o u r  elements: 

1. Surface pressure  d! P t r ibu t ions  , t o  derive a i r f o i l  

2 .  Wake su rveys ,  t o  derive a i r f o i l  drag c h a r a c t e r i s t i c s .  
3 .  Boundary l aye r  su rveys ,  for comparison t o  a n a l y t i c a l  

4 .  F l i g h t  demonstration OF t h e  a i r f o i l .  

l i f t  charac te r  i s  t ics  . 

pred ic t ions  and wind tunnel  tests. 

The  f l i g h t  test  program, c u r r e n t l y  underway, w i l l  provide a i rp l a i i e  
l i f t  c o e f f i c i e n t  v s .  angle of a t t a c k ,  a i r f o i l  s ec t ion  l i f t  and drag 
c o e f f i c i e n t  a t  two spanwise s t a t i o n s ,  su r f ace  pressure  d i s t r i b u t i o n s  
a t  f i v e  spanwise s t a t i o n s ,  s ec t ion  moment c o e f f i c i e n t  v s .  angle  of 
a t t a c k ,  and boundary l aye r  p r o f i l e s  v s .  chord. The pressure  d i a t r i -  
bu t ion  obtained from f l u s h  pressure  t aps  w i l l  be compared t o  a 
d i s t r i b u t i o n  obtained from a pressure  be l t  a t  the same spanwise 
loca t ion  t o  i d e n t i f y  any f low d is turbances  caused by t h e  bel t ,  and 
demonstrate an economical approach to  acqui r ing  a i r f o i i  p re s su re  
d i s t r i b u t i o n  d a t a .  

- 2 -  



RESEARCH AIRCRAFT MODIFICATION 

A -Model C23 “Sundowner 18011 (Figure 1) ,  a s i n g l e  engine ,  four 
p l a c e  a i r p l a n e ,  was used a s  the research vehicle for the f l i g h t  t es t  
program. Owned by Beech A i r c r a f t  Corporation, it was modified by 
Beech under subcontract  t o  The Ohio S t a t e  U n i v e r s i t y .  An economical 
approach t o  a i r f o i l  f l i g h t  t e s t i n g  was used. T h e  GA(W)-2 a i r f o i l  
shape was b u i l t  up around the e x i s t i n g  632A415 wing s t r u c t u r e .  The 
buildup consisted of ba l sa  wood ribs and formers bonded t o  the 
e x t e r i o r  of the C23 wing. A l u m i n u m  s k i n  bonded t o  t h e  ribs and 
formers were contoured t o  the NASA suppl i r  a i r f o i l  coordiriates 
(Figure 2 ) .  T h e  r e s u l t i n g  “glove” has the desired a i r f o i l  charac- 
terist ics,  obtained without a l t e r i n g  the e x i s t i n g  wing s t r u c t u r a l  
i n t e g r i t y .  Since the thickness  t o  chord r a t i o  of the M o d e l  C23 a i r -  
f o i l  is  0.15, it was necessary t o  extend the leading edge seven 
inches and the t r a i l i n g  edge two inches i n  order  t o  obtain the 13% 
GA(W)-2 a i r f o i l  shape. Each wing contalns  an access  channel on the 
lower sur face  f o r  pressure  tubing.  The l e f t  wing has t e n  f l u s h  pres -  
su re  t a p s ,  s i x  taps  on the upper su r face  and four on the  lower 
sur face .  

Beech performed an ana lys i s  of the wing modification t o  a s su re  
i t s  s t r u c t u r a l  i n t e g r i t y  and conducted i n i t i a l  f l i g h t s  t o  assure  the 
airworthi.ness of the modified a i r p l a n e .  

The modified a i r p l a n e  i s  subject t o  the following recommended 
operat ing l i m i t a t i o n s :  

Model C23  
Model c23 Modified W i t h  

(Normal Cateqorvl  GA ( W )  -2 “Glove 

N e v e r  Exc., :d Speed 175 mph 
Maximum P o s i t i v e  Load Factor 3.8 G 
C.G. range 10.5 i n .  

120  mph 
2 .0  G 
2.0 i n .  

F l i g h t  i n  visible moi s tu re  i s  t o  be avoided. The modified a i r p l a n e  has 
no f l a p s .  

The gloved a i r f o i l  does not a f f e c t  t h e  a i r p l a n e  handling q u a l i t i e s  
i n  any s i g n i f i c a n t  fashion.  The a i r p l a n e  has proven t o  be an e x c e l l e n t  
p l a t f x m  from which t o  conduct an evaluat ion of the G A ( W ) - 2  a i r f o i l  
i n  i t s  t r u e  environment. 

RESEARCH AIRCRAFT 1NSTRUMENTION 

The tes t  a i r c r a f t  has the normal complement of f l i g h t  instruments 
sup2lementeaby instrumentat ion t o  accu ra t e ly  measure a i r speed  and 
a t t i t u d e  from booms mounted under each wing t i p .  The l e f t  boom 

- 3 -  



supports a P i t o t - s t a t i c  probc mounted on a swivel to keep it aligned 
w i t h  the  r e l a t i v e  wind. Tota l  p ressure  from t h e  probe is used a8 t h e  
reference pressure for the pressure  sensing system. The r i g h t  boom 
houses the angle  of a t t a c k  sensor.  

F igure  3 i l l u s t r a t e s  the pressure  sensing instrumentation. Sur-  
face 2ressure d i s t r i b u t i o n s  a r e  measured using s t r ip-a- tube belts 
taped around the l e f t  wing. Two belts, each cons i s t ing  of t e n  0.9” 
diameter p l a s t i c  tubes plugged near their midpoints ,  provide f o r t y  
chordwise sur face  pressures  a t  a s i n g l e  spanwise s t a t i o n .  Five span- 
w i s e  s t a t i o n s  have been examined t o  determine the complete p re s su re  
f i e l d  on the wing. 

Mounted on a r o t a t i n g  s h a f t  a t tached  t o  a d r ive  mecnanism under 
the r i g h t  wing, a wake survey probe samples s t a t i c  and t o t a l  p re s su re  
v e r t i c a l l y  i n  the a i r f o i l  wake inboard and outboard of the a i l e r o n  
gap. A t e n  tube boundary l aye r  probe i s  used t o  measure the boundary 
layer  profiles a t  d i f f e r e n t  chord loca t ions  a t  a s i n g l e  spanwise  
s t a t i o n .  

Tubing from t h e  sur face  pressure  be l t ,  wake survey and boundary 
l aye r  probes lead i n t o  the cabin through an access  channel i n  each 
wing.  I n  the cabin,  t w o  c u t o f f  valves accept  the pressure  leads  and 
couple them t o  a 48 p 3 r t  p ressure  scanning system. A l l  p r e s su res  a r e  
measured by a pressure  transducer and a r e  recorded on magnetic t ape  
a s  t h e  scanivalve s t eps  through the trapped volume between the c u t o f f  
valves and the t r a r sduce r .  

DATA ACQUISITION AND PROCESSING 

F l i g h t  test  da t a  is recorded by a seven  channel FM magnetic da t a  
tape recorder on board the  research a i r c r a f t .  The b a s i c  elements  of 
the  data  processing sys tem a r e  shown i n  Figure 4.  A f t e r  a test f l i g h t  
the tape i s  played back i n  the computer f a c i l i t y  a t  The Aeronautical  
and Astronaut ical  Research Laboratory, loca ted  on The O h i o  S t a t e  
University Airport .  T h e  analog s i g n a l  is d i g i t i z e d  and stored on 
magnetic tape.  I t  i s  then reviewed on a CRT d i sp lay ,  and i f  the  run 
has been normal, the  d i g i t i z e d  pressure  be l t  data  a r e  processed t o  
sur face  pressure c o e f f i c i e n t  form and in t eg ra t ed  fo r  l i f t  and p i t c h -  
i n g  moment, p l o t t e d  and p r in t ed  out  i n  hard copy form. The  wake da ta  
is s i m i l a r l y  reduced t o  drag c o e f f i c i e n t  and presented i n  a p l o t t e d  
and a pr in t ed  format. 

The da ta  processing is  f u l l y  automated, w i t h  the exception of 
the  CRT re-riew process ,  which is maintained t o  a s su re  da t a  q u a l i t y .  
I n  opera t ion ,  t he  instrumentation and da ta  processing systems have 
accepted the tape from a s i n g l e  90 m i n u t e  f l i g h t  cons i s t ing  of seven- 
teen l e v e l  runs  and processed t h e  da ta  i n  less than three hours. 
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The f i n a l  d a t a  w a s  i n  t h e  form of seventeen su r face  pressure distri- 
but ions,  68 wake d i s t r i b u t i o n s  (four surveys w e r e  taken a t  each 
f l i g h t  speed) ,  i n  f in i shed  p l o t t e d  form w i t h  p r i n t o u t s  of p e r t i n e n t  
information. 
and da ta  a c q u i s i t i o n  system is contained i n  Reference 3. 

A more detailed d e s c r i p t i o n  of the instrumentat ion 

FLIGHT OPERATIONS 

A l l  research  f l i g h t s  o r i g i n a t e  from The O h i o  S t a t e  Universi ty  
Airpor t ,  a major general  a v i a t i o n  f a c i l i t y  loca ted  i n  northwest 
Columbus. 

A t y p i c a l  da t a  f l i g h t  l a s t i n g  e igh ty  minutes  consists of l e v e l  
f l i g h t  a t  5000 f e e t a l t i t u d e  a t  indicated a i r speeds  rangiilg from 120  
mph t o  60 mph i n  5 m p h  increments. Airspeeds a r e  maintained w i t h i n  
&l mph and a l t i t u d e  w i t h i n  f25 feet during da ta  recording. Corres- 
ponding a i r c r a f t  l i f t  c o e f f i c i e n t s  vary f r o m  0.4 t o  1.6 w i t h  Reynolds 
numbers of t h e  order  of 4 x lo6 dawn t o  2 x lo6, based on wing chord. 

F l i g h t s  are conducted i n  accordance w i t h  a F l i g h t  Operations 
Plan prepared by The O h i o  S t a t e  Universi ty  Department of Aviation. 
The Plan includes provis ions  for a i r c r a f t  a i rwor th iness ,  app l i cab le  
Federal  Aviation 2egula t ions ,  Federal Aviation Administration coordi- 
n a t i m ,  named f l i g h t  crew, f l i g h t  test a rea  des igna t ion ,  f l i g h t  
desc r ip t ions ,  a i r c r a f t  handling and maintenance, ope ra t iona l  s a f e t y ,  
and insurance.  

The Department of Aviation A i r c r a f t  Maintenance Divis ion provides 
an ex tens ive  and experienced c a p a b i l i t y  i n  support  of the f l i g h t  test 
program. 

PRELIMINARY FLICYWI TEST RESULTS 

A mid-span su r face  pressure  d i s t r i b u t i o n  is  shown i n  Figure 5 .  
The agreement of the measured f l i g h t  da t a  w i t h  theory (4) is  ev iden t .  
T h i s  i s  t y p i c a l  of the pressure  d i s t r i b u t i o n s  obtained during the 
f l i g h t  program. 

A t y p i c a l  wake survey i s  shown i n  Figure 3. I n t e g r a t i o p s  of the 
wake survey and belt  da t a  a t  the  same spanwise s t a t i o n  al low com- 
par i sons  of the GA(W)-2 s ec t ion  aerodynamic c h a r a c t e r i s t i c s  t o  be 
made. A comparison of the i i f t - d r a g  p o l a r s  fo r  f l i g h t  and wind tun- 
n e l  i s  shown i n  Figure 7 . f  A i r f o i l  l i f t  t o  drag r a t i o  f o r  t he  f l i g h t  
and wind tunnel  cases  a r e  shown i n  Figure 8 .  

* These cu rves  a r e  shown without s c a l e s  because of the r e s t r i c t i o n  on 
t h e  r e l e a s e  of prel iminary da t a  on t h e  new a i r f o i l  a t  th i s  t i m e .  
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A brief description of the research to obtain a flight evaluation 
of one of a new generation af low speed airfoils has been presented. 
The research has been a cooperative effort between Beech Aircraft 
Corporation, NASA Langley Research Center, and The Ohio State Univer- 
sity. This government-industry-university team assembled a sensitive 
pressure sensing system, placed it on board a single engine general 
aviation aircraft equipped with an economical modification of the 
GA(W)-2 airfoil, and used a sophisticated data acquisition and pro- 
cessing system to evaluate the performance of the new airfoil. Pre- 
liminary results compare favorably with both wind tunnel and 
theoretical evaluations, This work indicates that the promise of 
improved performznce with the GA(W)-2 airfoil can be achieved. 
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Figure 3. Pressure Sensing Instrumentation Schematic 
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A DATA ACQUISITION SYSTEM 

FOR IN-FLIGHT AIRFOIL  EVALUATION 

G .  M. Gregorek and M. J. Hoffmann 
Department o f  Aeronau t i ca l  and A s t r o n a u t i c a l  Eng inee r ing  

and 

S tacy  Weis loge l  
Department of Av ia t ion  

The Ohio S ta te  U n i v e r s i t y  Columbus, Ohio 

ABSTRACT 

Details of t h e  d e s i g n  and development o f  a n  a i r b o r n e  data 
a c q u i s i t i o n  s y s t e m  f o r  i n - f l i g h t  e v a l u a t i o n  o f  a i r f o i l s  are  
p r e s e n t e d .  The s y s t e m  was des igned  t o  be flown aboard a s i n g l e  
engine  g e n e r a l  a v i a t i o n  a i r c r a f t  and t o  measure and r e c o r d  z i r -  
f o i l  s u r f a c e  p r e s s u r e s ,  a i r f o i l  wake p r e s s u r e s ,  and a i r c r a f t  
a n g l e  of a t t a c k  and a i r s p e e d .  Inc luded  are d e s c r i p t i o n s  of t h e  
i n s t r u m e n t a t i o n ,  c a l i b r a t i o n  and data r e d u c t i o n  t e c h n i q u e s ,  
i l l u s t r a t i o n s  of t h e  raw data and comments on t h e  o p e r a t i o n a l  
expe r i ence  ga ined  d u r i n g  t h e  f l i g h t  e v a l u a t i o n  o f  the  G A ( W ) - 2  
a i r f o i l .  

I N T R O D U C T I O N  

P r e s s u r e  measurements i n - f l i g h t  have always been o f  concern 
t o  f l i g h t  t e s t  e n g i n e e r s .  Measuring t e c h n i q u e s  have v a r i e d  from 
use  o f  s imple  water manometers t o  use  o f  s o p h i s t i c a t e d  m u l t i p l e  
p r e s s u r e  t r ansduce r - scann ing  s y s t e m s .  Under N A S A  Langley Research 
Center  Grant  N S G  1184, e n t i t l e d  "An I n v e s t i g a t i o n  o f  the Aero- 
dynamic C h a r a c t e r i s t i c s  o f  a N e w  General  -4v ia t ion  A i r f o i l  i n  
F l i g h t " ,  p e r s o n n e l  a t  The A e r o n a u t i c a l  and As t ro r i au t i ca l  Research 
Labora tory  (AARL)  have had t h e  o p p o r t u n i t y  t o  d e s i g n ,  b u i l d ,  and 
o p e r a t e  a s e n s i n g  system f o r  i n - f l i g h t  p r e s s u r e  measurements. 
The r equ i r emen t s  of  t h e  in s t rumen t  package were t o  measure and  t o  
r e c o r d  a i r f o i l  s u r f a c e  p r e s s u r e s ,  wake s t a t i c  and t o t a l  p r e s s u r e s ,  
wake probe p o s i t i o n  and a i r c r a f t  a t t i t u d e  and a i r s p e e d .  S i n c e  
t h e  a c q u i s i t i o n  s y s t e m  was t o  be  flown on a s i n g l e  eng ine ,  g e n e r a l  
a v i a t i o n  a i r c r a f t ,  o v e r a l l  s i z e ,  weight ,  p o r t a b i l i t y  and  compati-  
b i l i t y  w i t h  t h e  a i r c r a f t  environment  were a d d i t i o n a l  d e s i g n  con- 
s t r a i n t s .  
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The purpose  of  t h i s  pape r  i s  t o  d e t a i l  t h e  development o f  
t h i s  f l i g h t  data a c q u i s i t i o n  system and t o  r e l a t e  t h e  e x p e r i e n c e  
o f  the  AARL s t a f f  i n  t he  o p e r a t i o n  o f  t h i s  a i r b o r n e  p r e s s u r e  
s e n s i n g  sys t em on the  f l i g h t  e v a l u a t i o n  o f  t h e  GA(W)-2 a i r f o i l  (1). 

INITIAL CONSIDERATIONS 

I n  t h e  d e s i g n  s t a g e ,  two major  c o n s i d e r a t i o n s  c o n t r i b u t e d  t o  
t h e  c o n f i g u r a t i o n  of  the data a c q u i s i t i o n  systzm. The f irst  was 
the  n e c e s s i t y  o f  g a t h e r i n g  a l l  t h e  data i n  f l i g h t  on a small a i r -  
c r a f t ,  and t h e  second was t h e  desire  t o  use t h e  e x i s t i n g  wind  
t u n n e l  technology axd e x p e r i e n c e  developed  by the AARL s t a f f .  

The a i r c r a f t  s e r v i n g  as t h e  test  bed f o r  the f l i g h t  program 
was a Beech C-23 Sundowner shown i n  F i g u r e  1. When equipped w i t h  
a G A ( W ) - 2  "glove" a i r f o i l  o v e r  t h e  e x i s t i n g  wing s t r u c t u r e  t h e  
weight and s t a b i l i t y  r equ i r emen t s  o f  t h i s  modi f ied  a i r c r a f t  p l a c e d  
l i m i t a t i o n s  on t h e  weight  and l o c a t i o n  o f  +he  data package.  F u r t h e r ,  
the  compact c a b i n  r e s t r i c t e d  the  s i z e  of  t h e  s y s t e m  and r e q u i r e d  a 
c o n t r o l  p a n e l  t o  be des igned  f o r  use by t h e  f l i g h t  t es t  e n g i n e e r  t o  
o p e r a t e  t h e  i n s t r u m e n t a t i o n  sys tems from t h e  r i g h t  f r o n t  seat .  
A d d i t i o n a l  f a c t c r s  such  as t h e  a v a i l a b l e  e l e c t r i c a l  power, exposure  
t o  t empera tu re  changes,  t h e  p r e s s u r e  f l u c t u a t i o n s  and the  v i b r a t i o n s  
i n  the  f l i g h t  environment  a l s o  i n f l u e n c e d  the  d e s i g n .  

To o b t a i n  p r e s s u r e  d i s t r i b u t i o n s  on a i r f o i l s ,  the blow-down 
t r a n s o n i c  wind t u n n e l  a t  AARL employs a scann ing  v a l v e - t r a n s d u c e r  
combinat ion coupled t o  cu t -o f f  v a l v e s  which t rap  the  p r e s s u r e s  
i n p u t  from the  wind tunrlel  d u r i n g  a t es t  run .  As the  t u n n e l  tes t  
i s  t e r m i n z t e d ,  u s u a l l y  a f t e r  less  t h a n  twenty seconds ,  the  scann ing  
v a l v e  s t eps  th rough  48 p o r t s ,  p r o c e s s i n g  t h e  t r a n s d u c e r  s i g n a l s  
t h rough  a d i g i t a l  computer f o r  n e a r  on - l ine  dsta  r e d u c t i o n .  Th i s  
data i s  used f o r  l i f t  and moment e v a l u a t i o n s  o f  a i r f o i l s  wh i l e  a 
t r a v e r s i n g  t o t a l  p r e s s u r e  probe  i s  used t o  measure aomentum d e f e c t  
i n  t h e  wake o f  a i r f o i l s  and t h u s  o b t a i n  a i r f o i l  d r a g .  A p o i n t  t o  
n o t e  i s  t h a t  e x p e r i e n c e  a t  AARL has shown t h a t  a s i n g l e  probe pro-  
duc ing  a con t inuous  t r a c e  of t h e  c h a r a c t e r  o f  t h e  wake p r o v i d e s  
more d e t a i l  and accuracy  t h a n  a m u l t i p l e  probe  wake rake. 

Use o f  an  a i r b o r n e  a c q u i s i t i o n  package p a t t e r n e d  a f t e r  t h i s  
AARL wind t u n n e l  system p rev ided  s e v e r a l  advantages .  By t r a p p i n g  
a i r f o i l  s u r f a c e  p r e s s u r e s  a t  one i n s t a n t ,  any subsequent  f l i g h t  
d i s t u r b a n c e  d i d  n o t  i n f l u e n c e  t h e  a i r f o i l  p r e s s u r e s ;  f u r t h e r ,  t h e r e  
would be no p r e s s u r e  r e sponse  problem s i n c e  adequa te  time on t e s t  
c o n d i t i o n  could  b e  a s s u r e d  b e f o r e  c u t - o f f  va lve  o p e r a t i o n ,  allow- 
i n g  t h e  scann ing  v a l v e  t o  s t e p  th rough  the p o r t s  a t  a l e i s u r e l y  
r a t e  of  one p o r t  p e r  second a f t e r  cu t -o f f  a c t u a t i o n .  Although a 
wake rake was c o n s i d e r e d  and would be compa t ib l e  w i t h  t h e  s c a n i -  
va lve-cut  o f f  package i n  u s e  f o r  t h e  s u r f a c e  pressures, t h e  advant -  
ages  of t h e  con t inuous  t r a c e  and t h e  r e s u l t s  of  an a i r f o i l  drag 
s tudy  r e p o r t e d  by Saltzman (2) weighed i n  f a v o r  o f  t h e  s i n g l e  
t r a v e r s i n g  probe .  F u r t h e r ,  a m u l t i p l e  probe  wake r a k e  could  n o t  be 
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flown a t  the  same time as an a l r f o i l  su r f ace  p re s su re  f l i g h t  s i n c e  
almost a l l  of t h e  scannivalve p o r t s  would be committed t o  the 
sur face  pressure  data. 

An a d d i t i o n a l  f ea tu re  of t h e  wind tunnel  type package was 
t h a t  the exic,t ing computer software would be available t o  guide 
t h e  data reductiorl of t he  a i r f o i l  f l i gh t  tests ( 3 ) .  Once software 
was developed f o r  the  analog-to-digi ta l  conversion of data from 
t h e  FM tape recorder  t h e  e n t i r e  data reduct ion process  could be 
accomplished wi th  the AARL Harris/S d i g i t a l  computer system. 

Other f a c t o r s  tha t  were considered during t h e  i n i t i a l  design 
phase included the a v a i l a b i l i t y  of  a seven channel FM tape recorder  
which was selected as t h e  prime data recording instrument and t h e  
necess i ty  t o  maintain an economical approach by using as much 
apparatus on hand a t  t h e  AARL as poss ib le .  Fortunately,  br idge 
balance and span con t ro l  u n i t s  and s e v e r a l  p re s su re  t ransducers  
were a v a i l a b l e  t o  minimize instrumentat ion cos ts .  

I n t e g r a t i n g  these i n i t i a l  concepts i n t o  the  a c q u i s i t i o n  package 
led  t o  t h e  s y s t e m  shown schematical ly  i n  Figure 2. Mult iple  sur face  
pressures  of t he  a i r f o i l  t rapped by cut-off valves  were measured by 
t h e  scanning valve t ransducer  and recorded on FM tape. Simultan- 
eously,  wake t o t a l  and s t a t i c  pressures  were measured and recorded 
from a survey probe r o t a t e d  through t h e  wake. 
a t t a c k  and dynamic p res su re  were a l s o  obtained a t  t h i s  time. A 
more detai led desc r ip t ion  of the sys tem and i t s  components w i l l  now 
be presented.  

A i rc ra f t  angle  of 

AIRFOIL  SURFACE PRESSURE INSTRUMENTATION 

The instrumentat ion t o  ob ta in  a i r f o i l  su r f ace  p re s su res  con- 
s i s t e d  of f i v e  main components: t he  s e n s o r ( s ) ,  t h e  cutoff-scanning 
system, a pressure  t ransducer ,  a br idge balance and span con t ro l ,  
and an ampl i f ie r .  

The sensor  t o  be used t o  obta in  su r face  pressures  posed t h e  
greatest  problem. Since data had t o  be taken a t  s e v e r a l  spanwise 
s t a t i o n s  and each s t a t i o n  requi red  f o r t y  taps, f lu sh  t a p s  were too  
expensive. The a l t e r n a t i v e  was t o  use a b e l t  o f  tubes wrapped 
chordwise about t h e  a i r f o i l ;  t h i s  method o f fe red  ease of f a b r i c a t i o n  
and f l e x i b i l i t y  i n  loca t ion .  The pressure  b e l t  was fashioned from 
two s t r ips  of ten-tube b e l t  w i t h  a maximum th ickness  of .2 inches 
and a width of 4 inches.  To preserve two-dimensionality near  the 
b e l t ,  narrower dummy be l t s  were placed on e i ther  s ide of the  a c t i v e  
b e l t  b r ing ing  t h e  t o t a l  wid th  t o  5.5 inches.  The twenty tubes form- 
ing  t h e  a c t i v e  b e l t  would normally provide f o r  twenty su r face  
pressures .  However, t h e  proper  pos i t i on ing  of a plug i n  each tube 
provided l o r  f o r t y  sur face  preqsures .  The b e l t  t h u s  fabricated was 
a t tached  t o  t h e  wing of t h e  test a i r w a f t  w i t h  t ape  gummed on both 
sides (ordinary carpet tape) .  The ca rpe t  tape method proved e f fec t -  
i v e  over  t h e  speed-pressure c o e f f i c i e n t  range of t h e  t e s t  a i r c ra f t ,  
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t ha t  is, f o r  eynamic pressure  less than .30 p a l  and pressure  co- 
e f f i c i e n t s  greater than -5.0. Figure 3 shows the  p res su re  b e l t  
i n s t a l l e d  a t  t h e  most outboard wing s t a t i o n .  

Recognizing t h e  p o t e n t i a l  in f luence  t o  the  l o c a l  flow of  t h i s  
f ab r i ca t ion ,  t h e  coordinates  of t h e  a i r f o i l  p l u s  b e l t  anC the  co- 
ord ina tes  of  t h e  a i r f o i l  a lone were input  i n t o  a t h e o r e t i c a l  com- 
gu ta t ion  ( 4 )  t o  examine t h e  e f f e c t  of t h e  pressure  b e l t  on t h e  
pressure  c o e f f i c i e n t s .  The theory ind ica t ed  l i t t l e  d i f f e rence  i n  
pressure  coe f f f c l en t  and no appreciable change i n  l i f t  c o e f f i c i e n t  
o r  moment c o e f f i c i e n t .  

Completing the sensor  f a b r i c a t i o n  was a "cabie" c ;ad-ln 
pressure  l i n e s .  The lead-In l i n e s  were 18 feet  lengtl  s t y i p -  
a-tube l i n e s  connecting the  pressure  b e l t  t o  the cuto: i m i n e  
system. The cu tof f  scanning system, an o f f  t h e  shelf  s; . having 
48 inputs  ava i l ab le ,  was able t o  accept  t h e  f o r t y  inputs  fram the  
pressure b e l t  as well as 2 i n p u t s  f o r  t h e  measurement of dynamic 
pressure.  This arrangement s t i l l  l e f t  6 p o r t s  ( i npu t s )  a v a l l a b l z  
f o r  o t h e r  pressures ,  as desired.  

A DC-type pressure  t ransducer  was an h t e g r a l  part of t h e  
scanning valve. T h i s  s i n g l e  2.5 p s i d  t ransducer  gave an analog 
output corresponding t o  each of t h e  sensed pressures .  Exc i t a t ion  
and balancing f o r  the  t ransducer  was pravided by a Wheatstone 
b r idge  arrrangement i n  the br idge balance and span con t ro l  u n i t ,  
and the low l e v e l  output was ampl i f i ed  by a custom b u i l t  amplifier.  
Figure 4 shows the  f i n a l  configurat ion of the br idge balance and 
span cont ro l  u n i t  and t h e  cutoff-scanning system. 

AIRFOIL WAKE INSTRUMENTATION 

The instrumentat ion t o  obta in  a i r f o i l  wake pressures  cons is ted  
of four  main components: t h e  t o t a l  anu s t a t i c  p res su re  probes,  t h e  
d r iv ing  mechanism and potent iometer ,  a t o t a l  p ressure  t ransducer  
and a s t a t i c  pressure  t ransducer .  The pressure  probes were fabri- 
cated sucb t h a t  both t o t a l  and s t a t i c  p re s su res  could b e  obtained 
a t  t h e  same chordwise s t a t i o n .  This meant each sensor  was a t  a 
d i f f e r e n t  spanwise loca t ion .  Because the d i f f e rence  between s t a t i c  
and t o t a l  p r 3 b e s  was only 2 inches, changes i n  spanwise d i r e c t i o n  
were ignored. 

The probes, shown i n  Flgure 5 ,  were fashioned from 1/8 inch 
s t a i n l e s s  s t ee l  t u b i n s  and were re inforced  w i t h  3/8 inch tubing.  
The s t a t i c  probe was provided w i t h  four ,  .016 inch  holes  evenly 
d i s t r i b u t e d  around i t s  perimeter and the  t o t a l  probe was chamfered 
ins ide  i t s  open end. The leads from t h e  sensors  were run through 
and soldered t o  a 1 /2  inch s t a i n l e s s  tube,  4 4  inches long. This  
tube served as a d r i v e  s h a f t  f o r  the survey probe. 

For s impl i c i ty  i n  f a b r i c a t i o n  and mounting, the mode of motion 
o f  t h e  probe was r o t a t i o n ,  not t r a n s l a t i o n ,  A small 28 VDC motor 
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was used t o  d r i v e  t h e  p r o b e s ,  and a worm-driven g e a r  arrangement  
was chosen t o  p r o v i d e  a h i g h  g e a r i n g  r a t i o ,  A ten t u r n  p r e c i s i o n  
po ten t iome te r  was d r i v e n  from t h e  motor s h a f t  t o  Rive an a n g u l a r  
p o s i t i o n  throtlgh the  wake, The ec t l re  r ange  of t h e  p o t e n t i o m e t e r  
was used t o  p rov ide  good r e s o l u t i o n ,  

The d r i v e  mechanism and p o s i t i o n  p o t e n t i o m e t e r  were mounted 
I n  an aluminum box; t h e  d r i v e  shaf' ,  was i n s e r t e d  through t h e  end 
and mated t o  t h e  d r i v e  mechanism. The small b e a r i n g  shown i n  
F igu re  5 was mounted from t h e  t r a i l i n g  edge and used t o  p r e v e n t  
p o t e n t i a l  s h e f t  v i b r a t i o n ;  t h e  box was s t r e a m l i n e d  wi th  foan? 
formers  t o  p r e v e n t  g r o s s  i n t e r f e r e n c e .  

To s e n s e  t he  wake p r e s s u r e s  and p r o v i d 2  good time re sponse ,  
the  t o t a l  and s t a t i c  p r e s s u r e  t r a n s d u c e r s  were mounted i n  the wing 
n f  t h e  a i r c r a f t  in c l o s e  proximi ty  t o  t h e  p r o b i n g  system. A C  t y p e  
t r a n s d u c e r s  and modi f ied  c a r r i e r  demodulator  u n i t s  were used  s i n c e  
they  were alx ady a v a i l a b l e ,  The s t a t i c  p r e s s u r e  was measured wi th  
a 2 .0  p s i d  t r a n s d u c e r  wh i l e  a 1 . 0  p s i d  t r a n s d u c e r  was used t o  
measure t o t a l  p r e s s u r e .  The r e f e r e n c e  f o r  bo th  t r a n s d u c e r s  was the 
a i r c r a f t  t : \ t a l  p r e s s u r e  system. 

AIRCRAFT ATTITUDE INSTRUMENTATION 

To r educe  and c o r r e l a t e  t h e  data it was n e c e s s a r y  t o  have air-  
c r a f t  speed and  a n g l e  o f  a t t a c k  measurements.  The s e n s o r  used t o  
p rov ide  tes t  a i r c r a f t  speed (dynamic p r e s s u r e )  was a f u l l y  s w i v e l i n g  
p i t o t  probe.  The probe was rnounted on a boom extended  approximate ly  
3 fee t  from the l e a d i n g  edge of t h e  l e f t  wing o f  t h e  t e s t  a i r c r a f t .  
Due to i t s  freedom of motion and vane c o n f i g u r a t i o n  t h e  probe was 
always a l i g n e d  t o  t h e  r e l a t i v e  wind t h e r e b y  e l i m i n a t i n g  e r r o r s  due 
t o  probe a n g u l a r i t y .  The probe s t a t i c  p r e s s u r e  l ead - in  was con- 
nec ted  t o  t h e  cu to f f - scann ing  s y s t e m  a t  two p o r t s  g i v t n g  redundacy 
i n  t h i s  c r u c i a l  measurement. The probe t o t a l  p r e s s u r e  was used as 
a r e f e r e n c e  p r e s s u r e .  

The a n g l e  o f  a t t a c k  s e n s o r  shown i n  F i g u r e  6 c o n s i s t e d  o f  a 
v m e  6 inches  l o n g  f i t t e d  w i t h  a small f i z .  The vane was connected  
t o  a one t u r n  p o t e n t i c m e t e r  via a 1/8 i n c h  s h a f t .  The d e v i c e  was 
mounted t o  a boom ex tend ing  from t h e  r i g h t  wing of t h e  t es t  a i r c r a f t .  
Vane ou tpu t  was c o r r e l a t e d  w i t h  a n  i n c l i n o m e t e r  mounted 111 t h e  c a b i n  
of t h e  t e s t  a i r c r a f t .  The i n c l i n o m e t e r  c o n s i s t e d  of  a n  aluminum arin 
1 0  i n c h e s  i n  l e n g t h ,  f i t t e d  w i t h  a bubble  l e v e l .  Mounted on a 
graduated backplane ,  t h e  l e v e l  arm-bubble l e v e l  combinat ion p rov ided  
a i r c r a f t  a t t i t u d e  t o  + . 2  - degrees .  

RECORDING INSTRUMENTATION 

A Lockheed Model 417 FM Tape  Recorder  was used t o  save  a l l  
t y p e s  of da ta .  Th i s  s y s t e m  o f f e r e d  7 data r e c o r d i n g  channe l s  and a 
vo ice  t r a c k  wi th  a t o t a l  weight o f  2 9  pounds.  Each data channel  had 
a range  of - t 1 , 4  v o l t s  and f requency  r e sponse  :n e x c e s s  o f  15 K H z .  
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The recorder waa powered by a 16.8 V rwhargable battery pack and 
waa f t~8t%ned t o  the  top of t h e  instrument paak by Bungee Coni,  
fa r  eelsy i n o t a l l a t l o n  and removal. 

CONFROLLTNO AND POWER EQUIPMENT 

The moat hpor t r tn t  I tem uacd for the  proper opera t ion  o f  t h e  
inatrumentrttlon WRS the  remote con tPo l l e r  shown In Figure 7 .  Con- 
t a i n e d  i n  the unlt were 4 main c l r c u l t a :  

i t . k  c u t o f f - s c a n n l n ~  syatem atspplng c i r c u i t ,  
i i  the’  wake probe c i r c u i t ,  

i l i  the nmplifior c i r c u i t ,  and 
i v  the d bi-i l d e n t l f l e r  c l r e u l t .  

The cutoff-scanning system s tegplng  o i r c u i t  c o n s l a t e d  o f  nn 
-ititPgrbiLeci c i r c u i t  tlmlng c h i p  driving a 24 volt reed r e l a y  arid 
a d i g i t a l  counter.  The parix3 o f  t h e  t iming  pulse  and t h e  pulse 
w l d t h  were variable, Tht. t iming  c l r c u l t  m a  used t o  automatical ly  
step t h e  scanning valve t.hrouRh the number of ports a p e c l f i e d  by 
t9he counteaPr. Provisions were also made for manual atepplng o f  the 
scanti lng valve.. The c u t o f f  vnlves were opened and cloaed only 
rnwm 11 y . 

T ~ P  t J n t : ~  l d t h n b l f l c r  c i r c u i t s  w c r ~  used t o  a i d  i n  elat8 reduction. 
Thry w v t v  slmply relay8 which gave n ahlghlt when the  cu to f f  valves 
wem cloatvl :uid t - w h  time t h e  scanning valva s tepped.  This gave a 
rnrthd cot* ~lrt.r.rmlnlrig valdd dRtn and acannlng valve  port number. 



CALIBRATION OF INSTRUMENTS 

A l l  data voltages had t o  b e  scaled t o  +, 1 VDC s ince  Rround 
based reduction hardware (A/D converter)  was l imited t o  5 1 VDC. 
Three p r e s s u r e  t ransducers  and two potentiometers had t o  be c a l i -  
brated t o  insure t h i s  proper output vol tage range. 

The scanning valve t ransducer  was ca l ib ra t ed  by s i m p l y  apply- 
i ng  the  maximum gain of  t h e  ampl i f ie r .  The transducer  was a 2.5 
p s i d  and expected maximum pressures  were on the order of .5 ps id ,  
i .e.,  20% of t h e  possible  dynamic range. 

. t he  s lope became .88 ps i /vo l t .  The r e s u l t i n g  zero output viewed 
on an osci l loscope revealed a .005 v o l t  %?certainty. Based on a 
f u l l  scale voltage of 1.0 v o l t ,  t h i s  uncertainty corresponded t o  
- + 0.5%, an acceptable percentage e r r o r .  

With a gain of 83 appl ied ,  

The two wake probe t ransducers  were AC type.  Exci ta t ion ,  span 
cont ro l  and zeroing were supplied v i a  c a r r i e r  demodulator u n i t s .  
The 2 p s i d  transducer was calibrated t o  .50 p s i l v o l t  and was used 
i n  t h e  wake s t a t i c  pressure  system. The 1.0 p s i d  t ransducer  was 
ca l ib ra t ed  t o  .25 ps i /vo l t  and was used i n  the  wake t o t a l  pressure 
sys t em.  Each transducer provided outputs  t o  - + .2% of f u l l  scale 
and had a i r c r a f t  t o t a l  pressure as reference,  

To c a l i b r a t e  the angle of a t t a c k  potentiometer, t he  sensor  
vane was f i r s t  f i t t e d  wi th  a c o l l a r  which l imited i ts  t o t a l  t r a v e l  
t o  40 degrees. A mark was then  made t o  i n d i c a t e  a zero p o s i t i o n ,  
t h i s  configurat ion made c a l i b r a t i o n  a simple matter of tak ing  three 
voltage readings,  one corresponding t o  each of the three pos i t ions .  
'The ca l ib ra t ion  slope and zero could then be determined, For t h e  
exc i t a t ion  voltage app l i ed  (5 v o l t s )  the r e s u l t i n g  > l i b r a t i o n  slope 
was 64 degrees/volt .  

The wake probe potentiometer was calibrated i n  a similar manner 
w i t h  the  c a l i b r a t i o n  slope being 220 deg/volt. This large s lope  
was the r e s u l t  of t he  f a c t  t h a t  t h e  probe could survey the  wake a t  
two spanwise s t a t i o n s ,  180 degrees from each o ther .  (As w i l l  be 
shown l a t e r ,  t h i s  s i t u a t i o n  caused s?vere problems). 

The FM tape recorder  was another instrument t o  be calibrated. 
A l l  channels were checked f o r  l i n e a r i t y  and bias. It was found 
t h a t  shorted inputs  r e su l t ed  i n  a time average zero output however, 
there was a + 20 m i l l i v o l t  o s c i l l a t i o n  i n  output.  T h i s  s i t u a t i o n  
was acceptabie only if a long enough time average could be computed. 
A s u f f i c i e n t  time average could be obtained wtth scanning valve data 
s ince  the  time s p e n t  recording each po r t  was adjustable.  Ho:Jever 
It was foreseen that problems wi th  the  wake survey measurements 
could develop due t o  the  changes inherent i n  that type of data; t h a t  
is, i t  was possible  that a useable time average d i d  not  exist for 
t h e  wake surveys. Actual f l i g h t s  were needed t o  confirm the f a c t  
(it  indeed became necessary t o  change the  methcd of probing).  
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One non-electr ical  c a l i b r a t i o n  had to  be made t o  obta in  the 
mass car ry  over cor rec t ion  factor f o r  the CUt0ff-SCannh.g syutem. 
Using an isothermal a s smpt lon ,  an equation t o  represent  the 
cor rec t ion  f o r  t h e  trapped volume m y  be wri t ten :  

where: P i  - 
p i  - 
C =  

p i  - PI(l+C)-Pi-1(C) 

actual trapped pressure  a t  ith por t  

sensed pressure at  ith port 

transducer vO1-- - constant  s i n c e  both volumes trapped volume were constant  for a l l  i 

The f a c t o r  was found by trapping a pressure  in one port  while 
t rapping o ther  pressures  i n  t he  next t w o  ports ;  the  pressures  i n  
t h e  last  two being equal  t o  each other but d i f f e r e n t  from t h e  first. 
By scanning through t h e  por t s  and recording the  respective voltage 
outputs ,  t he  sensed pressure values were obtained. Since t h e  
scanning valve was a l readg  open t o  the first por t ,  no co r rec t ion  
was involved w i t h  It. However, s ince  some mass was carried i n t 3  
the subsequent po r t s  through the scanning procedure, and it  was 
known t h a t  those po r t s  I n i t i a l l y  had equal pressures ,  2 equations 
could be w r i t t e n ,  set  equa l ,  and solved fo r  C. This procedure 
r e s u l t e d  i n  a value of .06 f o r  t h e  mass car ry  over cor rec t ion  factor. 

The last c a l i b r a t i o n  was a co r re l a t ion  between Inclinometer 
reading and t h e  ou+,put of t h e  angle of a t t a c k  potentiometer.  The 
co r re l a t ion  was determined by f l i g h t  test .  The r e s u l t  was a l i n e a r  
curve r e l a t i n g  aircraft  reference angle and l o c a l  angle  of attack 
and having a slope of .685 with  a zero that var ied  depending on t h e  
p a r t i c u l a r  wing s t a t i o n  under consideration. 

TYPICAL FLIGHT USE 

To br ing  t h e  complete acqu i s i t i on  sys t em i n t o  better focus, 
consider a t.ypica1 t e s t  f l i g h t  and the opera t ions  necessary t o  ac- 
qui re  t h e  surface pressure and wake data. 

The rear seats of t h e  test a i r c r a f t  were removed t o  provide 
room f o r  t h e  data acqu i s i t i on  package. The package, w i t h  o v e r a l l  
dimensions of 16" x 19" and 21" high including the recorder ,  was 
bolted t o  v ib ra t ion  mounts on t h e  cabin floor 8x9 centered d i r e c t l y  
behind  t h e  f l i g h t  crew. Weight of t h i s  package, again including 
t h e  f l i g h t  recorder,  was 79 l b s .  

Prior t o  each test  f l i g h t  a check of t h e  operat ion of a l l  t he  
Instrumentation was made, w i t h  t h e  survey probe, cut-off and scan- 
n ing  valve cycled through t h e i r  operat ing ranges from the remote 
con t ro l l e r .  The automatic sequence cont ro l  f o r  t h e  tape recorder  
and t h e  scanning valve was examined and a l l  Instrumentation c a l i -  
brated. These c a l i b r a t i o n s  included recording the  vol tage outputs  
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from the angle of attack vane at i t s  upper and lower s t > p  and 
aircraft level pos i t ions ,  the outputs  *on! the  wake survey probe 
a t  i t s  lower and upper pos i t i on  and at a wing a l igned  re ference  
posit ion,and t h e  output of a l l  t ransducers .  

After takeoff and during t h e  5 t o  1 0  minute flight t o  the 
test area, a pre-run c a l i b r a t i o n  was made t o  record t h e  transducer 
zeros and the output of calibrate r e s i s t o r s  b u i l t  i n t o  the  three 
transducer c i r c u i t s  that were used t o  impress t h e  c a l i b r a t i o n  of 
t he  t ransducers  on t h e  data tape. 

To obta in  the zeros, the pressure on both sides of the t rans-  
ducers must be equal. This was accomplished easily w i t h  the scan- 
ning-valve t ransducer  by connecting a balance l i n e  across one por t  
of the cut-off valves. When the cut-off was closed,  re ference  
pressure - t h e  a i r c r a f t  t o t a l  pressure  - was applied t o  both sides 
of the  scanning valve transducer.  With the wake probe, however, 
the  balancing process was not a s  simple, s ince  the probe to t a l  
and s t a t i c  o r i f i c e s  were exposed t o  t h e  airstream. A g u i l l o t i n e  
type  valve was b u i l t  and i n s t a l l e d  i n  the wing, next t o  the two 
wake pressure  t ransducers .  I n  normal operat ion,  the  g u i l l o t i n e  
closed a balance l i n e  from the  t ransducer  re ference  t o  the  measuring 
side. During t h e  f l i g h t  c a l i b r a t i o n  a solenoid opened t h i s  balance 
l i n e  and closed t h e  input from t h e  probe po r t s ,  al lowizg t h e  pressures  
t o  e q u i l i b r a t e  on both sides of t he  t ransducer  dia2hragm and t h e  
zero output t o  be recorded. T h i s  g u i l l o t i n e  system proved t rouble-  
some and was eventual ly  replaced and t h e  zeroing technique modtfied. 
These detai ls  W i l l  be discussed subsequently. 

With t h i s  pre-run c a l i b r a t i o n  complete, and the  a i r c r a f t  a t  
test a l t i t u d e ,  usual ly  5000 f t ,  the a i r c r a f t  was trimmed l e v e l  a t  a 
spec i f ied  airspeed - from 120 mph t o  60 mph. 
sett led out,  t h e  cut-off valves were closed on t h e  p i l o t ' s  "mark" 
and the automatic sequence i n i t i a t e d .  This sequence started the  
recorder ,  delayed 15 seconds t o  allow t h e  recorder  t o  come up t o  
speed, then triggered t h e  scan se uence. While t h e  scanning valve 

operated the  wake survey probe, t r a v e r s f n g  a s i x  inch  region behind 
the  wing i n  approximately s i x  seconds. Four passes of t h e  wake 
survey probe were u s u a l l y  obtained during each run. After the 
scanning valve csmpleted its cycle ,  t h e  recorder  was turned o f f  
automatically and t h e  cut-off valves opened t o  make ready f o r  a new 
test point .  The p i l o t  proceedec! t o  t h e  n e x t  airspeed and t h e  process 
was repeated. Each test point r e q u i r e d  between three and four  
minutes  t o  e s t a b l i s h  a t r i m ,  l eve l  f l i g h t  condi t ion and t o  cycle  t h e  
instrumentation, and a t y p i c a l  tes t  f l i g h t  produced 1 2  t o  13 t e s t  
poin ts .  The complete f l i g h t ,  which included a second f l i g h t  c a l i -  
b ra t ion  p r i o r  t o  the  f t n a l  t e s t  airspeed, took a l i t t l e  more than 
one hour f l i g h t  time. 

When the a i r c r a f t  

stepped through t h e  48 p o r t s  i n  4 8 seconds, t h e  test engineer 

Once on t h e  ground, t h e  tape recorder  was removed from the  
a i r c r a f t ,  ca r r i ed  t o  t h e  Aeronautical and Astronaut ical  Research 
Laboratory and the  da t a  processed. 
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DATA REDUCTION 

Relative s impl i c i ty  i n  data reduct ion was necessary for 
p r a c t i c a l  app l i ca t ion  of the  data a c q u i s i t i o n  system. Since large 
q u a n t i t i e s  of data w e r e  developed Prom each f l igh t  - more than 400 
sur face  pressures and as many as 40 wake surveys - e f f i c i e n t  pro- 
cessing was required.  
was the two data i d e n t i f i c a t i o n  traces suppl ied by the  c o n t r o l l e r .  
The Harris/5 computer mrs used for data reduct ion and these t w o  
t r a c e s ,  the cut-off "highb' and the scanning valve port  i d e n t i f i e r ,  
provided the necessary i n t e r f a z c  : e tueen  the analog FM recorder  
and the  computer's 16  channel analog-to-digi ta l  converter.  
t h i s  method a set of 17 data runs could be processed from r a w  form 
on analog tape t o  hard copy plots of pressure c u f f i c i e n t  and l i f t ,  
drab, and moment c o e f f i c i e n t  i n  less than 3 hours. 

follows. 
s to red  the  data i n  d i s c r e t e  form on a d ig i t a l  magnetic tape. The 
cutoff  i d e n t i f i e r  t r a c e  was used t o  i n d i c a t e  where t o  s t a r t - s t o p  the  
d i g i t i z i n g .  Each run was i d e n t i f i e d  by a header and c a l i b r a t i o n  
da ta  was i d e n t i f i e d  by a header d i f f e r e n t  from run data. This phase 
of reduction required one of the th ree  t o t a l  hours. After t h i s  
d i g i t i z i n g  process,  reduct ion was independent of the analog record- 
ing system. 

The key t o  e f f i c i e n t  handling o f  the data 

lrp4ng 

As ind ica ted  i n  Figure 8, the  data handling procee3ed as 
A program w a s  coded which d i g i t i z e d  t h e  analog tape and 

The next  program i n  t h e  sequence was used t o  s o r t  t he  digit teed 
data and put it i n  a useable form. The scanning valve po r t  i d e n t i -  
f i e r  came i n t o  p l ay  here. Once i s o l a t e d ,  the  i d e n t i f i e r  data was 
searched f o r  t he  "highs" i n d i c a t i n g  a step t o  the next p o r t .  Since 
the  width of each da ta  window was f ixed,  i t  w a s  poss ib le  tc; then 
average over the  window and ob ta in  the paw vol tages  f o r  each sensed 
pressure of the scanning valve.  A t  t he  same time, the  t o t a l  and 
s t a t i c  pressure vol tages  and position vol tages  through the  wake 
were i d e n t i f i e d  and i s o l a t e d  by PA appropriate algorithm; this 
procedure was automated, bu t  monitored on t h e  CRT d i a p l a y .  If t h e  
da t a  was acceptable,  it was wr i t t en  t o  a d i s c  f i l e  End made a v a i l a b l e  
t o  the f i n a l  program i n  the reduct ion sequence. 

The last  program converted vol tages  t o  pressures  and pos i t i on  
and converted a l l  da t a  i n t o  normally accepted forms, f o r  example, 
a i r f o i l  surface pressure  i n  t h e  form of pressur2 c o e f f i c i e n t ,  as 
shown i n  Figure 9 ,  o r  wake pressures  as indicgted i n  Figure 10. 
The l i f t  and moment c o e f f i c i e n t s  were in t eg ra t ed  from t h i s  sur face  
pressure da ta  and t h e  wake survey pressures  were in t eg ra t ed  t o  
obta in  drag c o e f f i c i e n t .  Hard copy p l o t s  and p r in tou t s  were pro- 
vided f o r  easy analysis of the  8 a t a .  This reduct ion phase I n  con- 
junctioll  wi th  t h e  data s o r t i n g  required the o t h e r  2 hours of t he  
t o t a l  3 hour  time. 
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OPERATIONAL EXPERIENCE 

To date, t h e  acqu i s i t i on  package has been flown about 
twenty-five hours on t h e  test aircraft ,  completing t h e  first phase 
of t h e  GA(W)-2 evaluation. 
markably l i t t l e  t roub le  w i t h  t h e  equipment, t h e  c o n t r o l l e r ,  an? t h e  
cut-off and scanivalve operat ing as designed. A f e w  opera t iona l  
problems have been encountered, however, which are of i n t e r e s t  and 
warrant comment. 

During t h i s  t i m e  there has been re- 

After the  first f l i g h t ,  f o r  example, spurious s i g n a l s  appeared 
on the  data tape a t  apparently random i n t e r v a l s .  A second f l i g h t  
i d e n t i f i e d  t h e  source as r ad io  t ransmissions from the aircraft; 
therefore ,  every subsequent f l igh t  was made w i t h  no transmissions 
during the data acqu i s i t i on  process.  

The only problem created by the cutoff-scanning system was 
pressure leakage once t h e  cu tof f  valves  were closed. The system 
was checked f o r  leaks w i t h  t h e  cutoff-valves closed p r i o r  t o  
i n s t a l l a t i o n  and leaks, i f  any,  i n  terms of voltage were on t h e  
order  of .1 m i l l i v o l t  pe r  secocd. However, i n i t i a l  run data re- 
duction revealed 4 leaking po r t s ,  judged so by t he i r  obvious devia- 
t i o n  from a smooth t rend i n  the  a i r f o i l  sur face  pressure  data. The 
problem was t raced  t o  a loose face plate on the scanning valve and 
t h e  s i t u a t i o n  was easily corrected by t h e  t i gh ten ing  of 3 bol ts .  
As a consequence, t he  t i gh tness  of t h e  scanning valve face  plate 
became an i t e m  on the  pre-f l ight  check l i s t .  

Another probem was i d e n t i f i e d  when the  wake probe was ac t iva t ed .  
When t h e  + 20 m i l l i v o l t  f l u t t e r  of  the recorder  was superimposed on 
the p r o b e p o s i t i o n  s igna l ,  t h e  pos i t i on  of t h e  probe could i I O t  be  
determined within a t 1/2 inch. This was a r e s u l t  of t he  i n i t i a l  
design concept of  usrng t h e  probe t o  t r a v e r s e  through more than 
200' of arc so that  two spanwise s t a t i o n s  could be surveyed during 
one f l i g h t .  By r e s t r i c t i n g  the  probe a r c  t o  40' and by introducing 
a bias voltage of -1 v o l t  t o  take advantage of the  recorder  + 1 v o l t  
capab i l i t y ,  pos i t i on  e r r o r  was reduced t o  better than +, 0.1  Tnch. 

Wake s t a t i c  pressure,  which is  c lose  t o  free stream s t a t i c ,  
was d i f f i c u l t  t o  measure. Or ig ina l ly  arranged w i t h  the a i r c r a f t  
t o t a l  pressure as t h e  reference pressure  f o r  the  s t a t i c  pressure 
transducer,  the  reference pressure f o r  the  t o t a l  and s t a t i c  pressure  
t ransducers  was changea af ter  a few flights, t o  the  a i r c r a f t  s t a t i c  
pressure.  The first s t a t i c  pressure t ransducer  was then replaced 
w i t h  a more s e n s i t i v e  0 . 1  p s id  t ransducer  t o  record the minor var ia-  
t i o n s  o f  s t a t i c  pressure (less than  0.01 p s i )  through t h e  wake. 

When i t  became necessary t o  f l y  t h e  a i r c r a f t  during the winter 
months, temperatures below 20°F were imposed on t h e  wing i n s t a l l e d  
pressure t ransducers .  Cal ibra t ions  of t he  t ransducer  made a t  de- 
ressed temperatures before i n s t a l l a t i o n  showed s lope changes near t % a t  t h i s  temperature. The t ransducer  zero a l s o  s h i f t e d  seve ra l  

m i l l i v o l t s  w i t h  decreasing temperature; when coupled w i t h  t h e  
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. unrea l i ab le  g u i l l o t i n e  t h e  t ransducer  zero was d i f f i c u l t  t o  ascer- 
t a i n ,  and t h e  temperature e f f e c t s  L*eopardized the accuracy of t h e  
wake probe measurements. To resolve t h i s  problem, it W 8 S  necessary 
t o  move t h e  t ransducers ,  temporarily,  from t h e  wing t o  t he  pro- 
t e c t e d  environment of the cabin.  

While t h i s  t ransducer  l oca t ion  eased the  temperature problem 
and a t  t h e  same time made manual valving p o s s i b l e  t o  balance t h e  
pressures f o r  ready t ransducer  zeroes, t h e  long p res su re  leads from 
t h e  wing mounted probe t o  the  cabin introduced a p o t e n t i a l  p ressure  
response problem. An ezperiment v e r i f i e d  t h e  problem, showing t h e  
pressure l i n e s  responded t o  a s t e p  p re s su re  input  w i t h  a time con- 
t a n t  of 0 .1  seconds. It became necessary,  t he re fo re ,  t o  modify 
the  continuous probing and t o  r e s o r t  t o  a rotate-and-pause i n t e r -  
mi t ten t  ac t ion  of t h e  wake probe. While not  ideal,  t h e  approach 
d i d  r e s t o r e  t h e  r e l i a b i l i t y  of s t a t i c  pressure  measurements. A 
r e t u r n  t o  t h e  continuous probing method of wake eva lua t ion  is a n t i -  
c ipa ted  as temperatures warm and a more reliable g u i l l o t i n e  system 
is employed. 

SUMMARY 

The design of  a data a c q u i s i t i o n  system i n  use f o r  the  f l i g h t  
eva lua t ion  of  t h e  GA(W)-2  has been presented.  
of t h i s  po r t ab le  system are the cutoff-scanning valve arrangement, 
the  automated remote c o n t r o l  and t h e  e f f i c i e n t  i n t e r f a c e  between 
the analog t a p e  recorder  and the  d i g i t a l  computer used f o r  rapid 
data reduct ion.  Coupled wi th  the  pressure b e l t  taped t o  the wing of 
the  t e s t  a i rcraf t  t h e  sys tem has been used t o  measure sur face  
pressure d i s t r i b u t i o n s  w i t h  e x c e l l e n t  r e s u l t s .  Simultaneous probing 
of t he  a i r f o i l  wake y i e l d s  drag data of  similar q u a l i t y .  

Novel design f e a t u r e s  

Operation of t h e  sys tem has been r e l a t i v e l y  free of problems 
and a l l  those  worthy of no te  have been considered. I n  summary, then, 
t he  acqu i s i t i on  system has performed as designed i n  an economical, 
t i m e l y  2nd cos t -e f fec t ive  manner. 
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FLIGHT TEST TECHNIQUES 

FOR Lo\v SPEED AIRFOIL EVALUATION* 

M. J. Hoffmanri, G, M. Gregorek, and G. S. Weislogel 
The Aeronautical und Astronautical Research Laboratory 

The Ohio State University 

Techniques for in-flight evaluation of new airfoi ls  by modifying a singlr 
engine general aviation aircraft and measuring and recording airfoi l  surface 
pressures, a i r fo i l  wake.pressures, and aircraft angle of attack and airspeed 

.are presented. Included are descripticms of the aircraft  modifications, instru- 
mentation, data reduction techniques, illustrations of typical results and 
canrments on new sqldpment for f l ight  tea t  applications. 

INTRODUCTION 

The NASA LS(1)44.3 airfoi l  sectrou characteristics have keen evaluated in 
a f l ight  test program. (ref. 1). A single engine aircraft  w88 modified, instru- 
mented and flown, and pressure data was acquired, reduced and sunmmrized. 
.program was successfully accomplished by implementing certain effective techni- 
ques. The existing ring of a "Beech Sundowner" ttstbed was "gloved" over the 
existing full-span t o  the contow of the IS(l)-O413 a i r fo i l  by the Beech Bir- 
craft Corporation, an active participant in  the f l igh t  program, thereby saving 
the expense of construction of an erkirely new wing. The aircraft was instm- 
mented with existing equipment supplemented by specially developed pressure 
measuring systems. A sophistlcated and efficient data processing scheme was 
developed t o  handle the large quantities of data. 

:%e purpose of th fs  pager is t o  summarize the details  of the techniques 
used t o  effectively caaplete the f l ight  tes t  program and to  CollPpMt on 8- 
new instrumentation systems that could e&ce future f l ight  tes t  efforts. 

The 

The symbols used herein are defined b. an appendix. 

*Some of t h e  techniques described herein were developed and imp1 emented w h i l e  
under contract to  NASA Langley Research Center. 
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A I W T  WDIFICATION 

Background 

To sat isfy the objective of d e t e m h h g  the section chamcterisiics of tbh 
IS(l)-0413 a i r fo i l  in flight, it was f i r s t  necessary t o  change the wing of a 
testbed aircraft, shown jn figure 1, t o  the appropriate contour. Two opticma 
rere  available; build an +tirely new wing, or modify the existing wing. De- 
Si@& building and provhg a new wing is, ?mfortunrttely, t h e  coxmdng and 
expenrive. Moaifsiss the existing wing by bondiag on a new surface seemed 
attractive for this particular program for various reasons: 

budget c m t r a i n t s  favorc3 the yelatirely icexpensive nature of this 
modification app-ch, 

structural integrity of the existing wing s t r u c t c e  could be 
utiliaed, 

cable and tub- routing could be easily facilitated, 

t o t a l  time tc modify the aircraft  wing was a traction of the time 
of the fonner alteraative, 

by use of bonciing, a smooth finiched surface could be obtained 
without extensive structural provlng. 

Based on these observations the "glcving" approach ,.o wug mod(xf1catkm 
was adopted. 
b o d w  formers t o  the old wing surface and b d h g  e new skin to those formers. 

This sinply meant that the new contmr would be obtdued by 

The LS( 1)-0413 was a 13% thiclmkss r a t io  a i r f o i l  while the existing 
632'113 a i r fo i l  of the Sunwmer was 15%. Figure 2 shows the mdified wbg with. 
the larger chord. In order t o  accamodatc the modification in the ensiest 
manner, the leading edge wa8 extended by 17.5 an ( 7  in.) an? the trall ing edge 
by 7.5 cm ( 3  in. ) t o  obtain a "good" range of center of prerrsure relative +,o 
the aircraft  center of gravity (CG). The n e w  gloved wing had an incidencc 
angle 1.4 degrees larger than the existing wing, and the original linear wing 
twist of 2 degrees washout fran root to  t i p  w a s  preserved. Also, arr internal 
channel was incorporated into the modification for running cables md tubing 
from the wing without si,anificantly disturbing the airflow. 

The modification was begun by stripping the painted surfaces of the eflst- 
ing wing &id ailerons. 
bonded t o  the "old" skin on 20.3 cm (8 in.) centers with an epoxy type adhesive. 
Spanwise stringers were used for contour uniformity with wing results as shown 

Balsa formers of 2.3 QP ( 1  in.) thickness were then 
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Ln figure 3 and aileron results in  figure 4. These formers were wrapped 
r l t h  0.5 ma (0.020 in.) sheet alwdnum which was also balded, thereby having a 
mooth, Uniform rivetless surface. Also, external mass balance8 w3’0 ueed to 
atatlaally balance the 1\01 modified ailerons. 

INSTRUWTATION SYSTExt 

(hoe modified, t h ~  airoraft was instru=lented a8 shorn schemtIo.llg i n  
figum 3. Aircraft -10 of attack waa monitored as m s  dynamic p a s u r e  (not 
piotumd). A scanbalm/aut-off valve systam, operated by a mmote Contmller, 
m a  used to  aoquirs surfaae pressure data. A wake smay probe, aed.ng to ta l  
m d  s tat io  pre88uw8~ and a ?&ary drive mechanism were used to  obtain moumtU8 
defioit information, ultimately rasultlng i n  drag coefficients. A l l  them 
system were powerad f rom an instrument rack equipped with p e r  suppllea and 
signal omditioniny equipment. 

Sensors 

The angle of attack eerwor (vane) pictured in figure 6 consfstad of a 
15.2 am (6 k.) stan f i t ted  dth a 3.8 cm (1.5 in.) fin, driving a one turn 
potsntiomot~r. A oollar m a  used t o  l i m i t  the sensor travel t o  5 degrees nose 
up .ad 40 degree8 nos. dam relative t o  the mounting boom. 
loaated 0.79 ahord head of the quarter ohord point. To correlate the VMO 
reading t o  looal reation, a deck angle inclinwneter (bubble lcwl, figure 7 )  
m e  used. 
loaal gearwtria -10 of atte9k. 

The vane a8 

This added pleco of inrtrumsntation allowed for the deterrmination of 

To Bonae -=face pressures almg the chord a strip-a-tube belt was ueed. 
The belt m a  formed f’rm 5.1 mm (0 .2 in.) plrst io tube arrwcl fn a group of 
twenty. 
the t r a n t j  tubes. iktfioea ueru looated once the belt  was fastened t o  the 
aircraft  u3ng acrfaoe d t h  double s ided tape. 
belt sensor, through the wing channel, into the cabin and connected to the 
roanivrlvs/out-off valve syatr;mp. 

&ah tube was plugged appropriately t o  obtain forty aotive lines from 

Lead i n  lines were run *an the 

Figure 8 shows a typical bel t  installation. 

The wake aurvcy probe m e  actually two sensors - one total  pressure m d  
mu atatio pressure aenmr - whioh was rotated through the wake of the  dng  at 
one of two apantdas stations during a given flight. The sensor8 were separated 
f’ran each othol: by 5.1 cm ( 2  in.) in the wing spannise direction, thus aLlowhg 
totnl  and otntic pressurea t o  be measured at the same chorddsu station (0.U 
chord a f t  of trlailirq edge). 
basolhb (bas ic  ulrfoil) or uilcran stntion c o u d  be aurveyed. 
i l lustrates thls wnke survey probe. 

Ry properly locatcty the wake probe, either a 
Figure 9 



To provide excitation voltages and signal COIzditioning an inStrrppeat rack 
(figure 10) was constructed. The rack contained a l l  neceesarg pomr supplies, 
amplifiers, bridge balance units and carrier den&ihtors, Also, the s d -  
valve/cut-off valve system uas mounted t o  the rack, and the 7 channel N analag 
tape recorder used for  data recording was mounted atop tbe rack. Tbe total 
weight of the rack fully equipped was 351 N (79 Us.) dth approldrtte dimen- 
sions of 48 cm V x 53 cm H x W cm D (19 in, P x 21 in, HI; 16 in, D), 

For ease in aperatbg all the instmmemtation systems a remote cantroller 
was designed and built.  The controller allowed Full llwnllnl or autamtic cop- 
t ro l  of the systems h . t h e  f l ight  tes t  engLnetF piti-. T k  controUer bad 
an internal clock used to  sequence the scanivalve/cut-off sgstem and the 
%itch-pauseR motion (described la te r )  of the wake surmy probe, (hce tbe 
engheer selected a data point, he did not have to intemeie until all data 
fmm that test point uas fully acquired and recorded. The sy- .Duld then 
be reset for another test cond5tion. Figure 11 is a pbtqgrm of this 
contml.ler. 

DATA PROCESSING 

A typical test f l ight  would produce twelve test points resultiag In large 
quantities of raw data. A specid. data processing scheme was developed to  
efficiently handle these data, Upon campletion of a flight, the N reccder 
(figure ?2) would be taken to-the gmund based.digitd c c n ~ ~ t e r  aystem (f- , 

13) and would be "patched" hto the computer, thereby alloffing the CampUter t o  
digit ize the analog signals plzged back by t h e  recorder. Timing pulses pro- 
vided by the instrumentation controller grzatly assisted in the digitizing 
sequence. 
data and also a l l o n d  the operator t o  select options as to bow the data should ' 

be reduced and presented. For instance, plots and printouts CUUU be immedia- 
tely generated far each t es t  cad i t ion  and/or s~mmarp plots could be made. In 
typical cases, f u l l y  reduced end plotted data could be W~-hand~ *thin 3 harrs 
of aircraft  landing. 

SOFtTIUN coded programs were used to  manipulate tbe IWN digitized 

TYPICAL RESULTS 

Surface Pressures 

Typical of the partially reduced surface pressure data w e ~ 6  pressure co- 
efficient-chordwise location plots s h m  in figure U. ho flight test angles 
of attack are shown by symbols and the corresponding analytic canputations 
(ref. 2 )  are shown by the so l id  lines. These cmparisons are a t  matched angle 
of attack, not matched lift. The two-dimensional angle of attack was obtained 
by subtracting an induced angle calculated by a three dimensional analytic code 
of Beech Aircraft Corporation. A t  the lower angle the scatter in the f l i gh t  
.test data is seen t o  be low and compares well with analytic calculations. A t  

. .  
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the higher angle (lower dynamic pressure for the case a t  hand) the scatter is 
slightly more due t o  the pressure belt  i t se l f  and the decreasing accuracy of 
the pressure measurements at  l o r  dynamic pressure. 
results are highly acceptable. 

Overall, however, these 

Partial  reduction of the raw data fmm wake surveys lead t o  pressure- 
position plots similar to those shown in figure 15. The f i r s t  plo% shms a 
contixluously scanned survey w h i l e  the second plot shows the stepped or "'pitch- 
pause" method of survem. The l a t t e r  method was generally used tq eliminate 
arpr potential response problems. The result of the method was a pbslcal 
averaging of the data due t o  a fMte  number of points through the wake (shuwn 
by the relative apootbness of the plot). Both total  aud,static pressures were 
measured and presented and the s t a t i c  pressure variation is seen as signif%- 
can- different fran free stream s ta t ic  (the reference pressure). Based on 
these kinds of plots, lincits of integration w e r e  chosen and drag coefficients 
produced. 

Baseline L i f t  and &me.nt 

Cam- the surface pressure data reduction t o  campletion by integration 
of pressure dis t f ibut im resulted in 1Zft and mornent coefficients as functions 
of angle of attack (figure 16). 
ShCrrn t o  coincide very ve l l  by applying the three-dimensional analytic loduced 
angle correction and compares w e l l  with the faired wind tunnel data (solid 
l i ne )  of McGhee, et al. (ref. 3). 
scattered at low dynamic pressures again due t o  the lower accuracy of the 
transducers i n  that reginre. A small error in the dynamic pressure measurement 
unfortunately comes through strongly i n  the f i n a l  reductJan. 
efficients are scattered and are generally more positive than nind tunnel 
measurements. The significant deviation could be due t o  slight trail- edge 
differences between the IS(1)-0613 modified aircraft  ring and the Wind tunnel 
model used for  comparisun, 

Lift data fron three spanwise stations are 

The lift coefficient data becomes sanewhat 

The mment co- 

Drag Polars 

F'ull reduction of the wake pressures lead t o  the baseline drag polar shown 
in figure 17. The symbols represent two tes t  f l ights taken almost one year 
apart. 
smooth wing surface and smoothmodel. Due t o  the varsing Reynolds number in 
the f l ight  data two brqcketing r i n d  tu. w l  cases are presented and the proper 
trend of the f l ight  data can be seen. A similsr drag polar is shown In figure 
18. Here, however, the wind tunnel model boundary layer was tripped a t  7.5% 
chord as was the f l ight  test airfoil .  The baseline drag polar is also shown 
fo r  reference as a so l id  line. Very good agreement can be seen as the f l i g h t  

number t o  good agreement a t  higher lift/lower Reynolds number. 

The rind tunnel data I s  again that of McGhee. Tbe cases shown are for 

tes t  data trends from almost exact agreement a t  lower l if t-higher Reynolds .. 
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Aileron Station Data 

F'ressure belt data and wake surveys w e r e  also taken a t  aileron stations. 
Figure 19 shows a typical pressure distribution a t  an aileron station w i t h  the 
solid l ine being a fairing of the data for clarity. The "pinched in" (reaUC@?d 
l i f t )  nature of the distribution due t o  gap f l o w  is evident. No attempt r a ~  
made t o  apply the three dimensional analytic induced angle computatkms at 
these stations due to  this "differentw type of flow phenomenon, Figure 20 
shows the rather large increases in drag incurred by having gap flow. The 
comparison is with flight test basic a i r f c i l  (solid line) and represents a 45% 
increase in drag a t  cruise l i f t .  

The additional experience gained by developing and u s a m  the afore- 
mentioned instrumentation system bas led t o  the design and canstmction of at 
least tvo new useful instruments. Figure 21 shows a rotating type probe 
mechanism which is direct drive and adjustable in the chordrise directim- 
rotating nature of the drive allows two spanwise stations t o  be surveyed. The 
drive i t se l f  is only 10.2 cm (4  in.) wide and high aad 30.5 cm (12 h.) lang. 
Overall length including the support platform is 55.9 cm (22 in-) mhile the 
total weight including a typical probe and foam formers 
N ( 6  lbs.). 

The 

areamlining) is 26.7 

To enhance data acquisition and reduction capability lile in flight, a 
Digital Data Acquisition and Reduction System (DDARS) has 3een developed in- 
house (ref. 4). 
frame (on l e f t ) ,  the operator's console, and the ground based disc Wves (on 
right). 
necessary interfaces, dual cartridge tape drives and a 32 channel analog-to- 
digital  conversion system ( 1  KIiz effective throughput using all &Eurnels)- 
Also included are ten program controllable relays for on/off type controls- 
Contained i n  a separate small rack (cot shown) are 6 bridge balance units a5d 
6 differential amplifiers for signal conditioning, The ccmponents used €n a 
flight situation are the mainframe, the signal conditioner rack and tbe small 
console terminal. 
and the maximum power consumption is 400 w a t t s .  The to ta l  voiume required to 
locate the system is approximately 0.25 cubic meters (8.8 cubic ft.). 

Figure 22 shows the main components of th-s system, the main- 

The mainframe holds a 16 bi t  microprocessor, 32K mrds of memory, all 

The to ta l  weight of the airborne package is 600 I (135 lbs. 

CONCLUSIONS AND OBSERVATIONS 

Effective techniques have been used t o  evaluate the performance of an 
airfoil i n  a flight environment. Aircraft modification and irwtrumentation 
have been discussed as have the data processing scheme and typical results. 
The data along with comparisons seem t o  indicate the system was acceptable over 
most of the aircraft speed range, becoming questionable onQ a i  the very low 
dynamic pressure end. 
problem. 

Appropriate transducer replacement could cure that 
Also discussed were two new systems which can be effectively applied 
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in  future f l ight  test efforts - a Take survey drive mechanism a d  e new 
digital  data acquisition and reduction system. The DDARS system SGCS to offer 
a quantum improvement in f l ight  test data acquisition and reductic: by imple- 
mentation of its microprocessor-based mainframe and real t h e  peri?herals while 
the wake survey mechanism offers good probe motion in  a small, light package. 
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APPENDIX 

SmdBOLs 

Eleasurement s n3 calculations were made in he US. Custamary Units. 
They are presented herein in the International System of Units (SI) with the 
equivalent values given parenthetically in the U.S. Customary Units. 

chord of an airfoil 

section drag coefficient, Section drag 
1 -  

section lift coefficient, Section lift 
LC 

section pitching moment coefficient with respect to 0.25 chord, 
Section moment 

P - P, 
&, 

static pressure coefficient, 

measured local pressure 

free stream static pressure 

free stream dynamic pressure 

Reynolds number based on chord 

distance along chord, nm-dimensional distance along chord 

mgle of attack in two-dimensional flow 
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Figure 15.- Typical wake-survey profiles. 
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Figure 16.- L i f t  and moment coefficients. 



03 

- WIND TUNNEL 

0 FLIGHT TEST 

. 02 

cd 

.Ol 

0.0 
0.0 0.4 0.8 i -2 1.6 2.0 - 

c; 

Figure 17.- Baseline drag polar. 
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Figure 18.- 7 . S X  t r i p  drag polar. 
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Figure 19.- Aileron-station pressure distribution. 
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Figure 20.- Aileron-station drag polar. 




